Abstract: A numerical model has been developed to investigate the effect of cylinder liner honing angle on hydrodynamic lubrication between piston ring and cylinder liner. The Reynolds equation was solved in 2D with periodic boundary conditions. An artificial surface texture was generated, based on a real surface measured with white light interferometry. Cavitation was modelled with the Vijayaraghavan and Keith algorithm. Honing angles between 25 and 75 were investigated to find the effect of honing angle on film thickness.
INTRODUCTION
Typically, for a medium size car over an urban cycle, only 12 per cent of the total power from the fuel is converted to useful power at the wheels [1] . The rest of the energy from combustion of the fuel goes into cooling, exhaust, pumping, and mechanical losses. The mechanical contribution amounts to 15 per cent [1] of the total losses and the friction between the piston assembly and cylinder liner is the single largest contributor; amounting to 20-40 per cent of the total mechanical losses [2] . Furthermore, the compression rings typically contribute 4-5 per cent of all mechanical losses in a multi-cylinder engine [3] . If all the mechanical losses can be reduced by 10 per cent, then fuel efficiency could be increased by a value between 1.5 and 2.5 per cent [1, 3] . Therefore, the study of the piston ring-cylinder liner conjunction (PRCL) is highly important in reducing friction and improving fuel economy, one of the main drivers in engine design today.
Usually, a cylinder liner is honed to apply the desired surface finish. With modern plateau honing [4] , the finished surface consists of relatively smooth plateaux separated by grooves that lie at two opposing angles to form a cross-hatch pattern. The flat plateaux provide a smooth surface to allow for hydrodynamic film build-up between the piston rings and the cylinder liner surface. The grooves serve two purposes; primarily, they act as an oil reservoir. The only available oil for lubrication is supplied to the contact by the movement of the piston rings on the upstroke; this oil is retained in the grooves to lubricate the contact on the piston downstroke. It is believed that a secondary reason for the grooves is to transport wear debris away from the contact. Small particles should be swept downwards in the grooves towards the crankcase and hopefully cause only minimal scratching to the smooth plateau surfaces.
Very few numerical studies have investigated the effect of honing parameters, and in particular honing angle, on lubrication performance. Therefore, this may be an area that has great potential for optimization, and changing a parameter such as honing angle should not add any significant costs to cylinder liner manufacture. Also, many existing PRCL models do not consider non-Gaussian roughness patterns which are typical of a honed surface.
A similar study, investigating the effect of honing angle on lubrication performance, was undertaken by Michail and Barber [5] . They too implemented an analytical emulation of a honed surface and used flow factors calculated with the Patir and Cheng [6] Average Flow model in their solution of the Reynolds equation. However, their surface representation consisted of a combination of cosine waves to form a surface with the peaks of the waves removed to resemble the plateaux. It is suggested that the method developed in this article to resemble the honing pattern is a more accurate representation of a real honed surface and in particular the sides of the grooves.
THEORY

Surface texture
This study aims to investigate the effect of different honing angles on PRCL lubrication. Real surface topography was only available for a single existing honing angle and so to make the study of different angles possible, an artificial surface texture is generated and used. Another advantage of using an artificial surface is that it can be made periodic, a requirement for the boundary conditions implemented. The surface of a real cylinder liner was measured with a Wyko NT 1100 white light interferometer and this was used as a basis for the artificially generated surfaces. An investigation of the surface showed that although the diamond-like pattern on the surface was not uniform, the diamonds had a typical, or mean, area of 0.048 mm 2 , as highlighted in Fig. 1 . In this study, to keep textures with different honing angles comparable, the area of each diamond will be kept constant at this value. To generate a single groove, equation (1) is used (taken from reference [7] )
where x is the position in the axial direction, y is the position in the radial direction, k is the honing angle parameter, and ! is the honing width parameter. Two of these variables should be explained. The width of the honing groove is set with !, which must be iterated for. The iteration procedure works as follows: an initial value of ! is guessed and the total area of plateau on the generated surface is calculated as any nodes in the top 0.1 per cent as sorted by height. The percentage of the total generated surface that is considered plateau is then calculated and this is compared with the desired percentage ( Table 1) . The value of ! is then increased if the percentage plateau is too high or decreased if it is too low. This procedure is repeated until the percentage of plateau on the generated surface is within 0.1 per cent of the desired value. The k parameter is dependent on the desired angle of the honing groove, as described by equation (2) k ¼ 1 tan ð2Þ
Fig. 1 White light interferometry image of cylinder liner surface
A single-diagonal groove is created using equation (1), as illustrated in Fig. 2 . This single groove is mirrored in both the x and y planes to give one artificial diamond. This single diamond is tiled to create a complete surface for the ring to slide over (Fig. 3) . The surface is long enough for the ring to be able to slide far enough, through enough time steps, for a steady-state periodic solution to be reached. The artificial surface only needs to be one diamond wide in the circumferential direction; periodic boundary conditions are implemented in the solution; so, this is all that is required. The depth of the artificial honing scratches is also based on the real measured 
Fig. 3 Generated surface texture
Effect of honing angle on hydrodynamic lubricationsurface. Figure 4 shows a typical cross-section. It can be observed that the honing depth has some variation. In this simulation, a value of 2 mm has been used as a representative depth.
Cavitation algorithm
The Vijayaraghavan and Keith [8] cavitation algorithm was used to solve the Reynolds equation, implementing cavitation boundary conditions at film rupture and reformation. The approach is similar to the Elrod algorithm [9] but with two advantages; compressibility is considered in the full film zone and the discretization is rigorously derived, rather than being the result of considerable experimentation. The Reynolds equation is written as
where is the bulk modulus (given in Table 1 ) and g a switch function becoming 1 in the full-film zone and 0 in the cavitated zone. The type of zone is calculated from the value of ; above 1, the region is full-film and below 1, it is cavitated. The film pressure is found from y
where P c is the lubricant cavitation pressure and P the lubricant film pressure. Once the discretization has been applied, equation (3) can be written in the form a w iÀ1,j þ a e iþ1,j þ a n i,jÀ1 þ a s i,jþ1 þ a p i,j ¼ rhs
where
Át
Couette flow coefficients
Boundary conditions
A pressure is specified at the inlet and outlet points based on typical gas pressures encountered (Table 1) . Periodic boundary conditions are implemented in the circumferential (perpendicular to entraining motion) direction. The inlet is assumed to be always fully flooded.
Film thickness
The ring is assumed to have a parabolic shape. The total film thickness is a combination of this shape, the contribution from the surface texture, and a minimum film thickness, given by equation (6) h
A linear system of equations is formed and is solved for directly. Once has been found, the switch function, g, is updated at every node based on the calculated value of . If is greater than 1, then g is set to 1; if is less than 1 g is set to zero. This process is repeated, is solved for, and the value of g is updated based on the new result, until convergence is reached. Convergence is assumed to have been reached when the following becomes true R R Pdxdy À R R P PREV dxdy R R P PREV dxdy 5 10
À5 ð7Þ
The problem was solved over a grid of 1000 Â 50 nodes to produce a stable solution. If too coarse a grid was chosen, then anomalous pressure 'spikes' would occur in the solution, as illustrated in reference [10] . Refining the mesh further created no noticeable change in the solution in regard to the total load supported by the contact with a given separation.
Force balance and time dependence
To balance the forces (or pressures) that the piston ring is subjected to, an iterative procedure is used. The procedure finds the value of h min required for equation (8) to be true. Everything on the righthand side is known and the mean hydrodynamic pressure on the left hand side is a function of h min in equation (6) 
where P HYD is the mean hydrodynamic pressure. The fzero algorithm in Matlab is used to find the required h min to balance the forces. This is a combination of the bisection, secant, and inverse quadratic interpolation methods. Once the force balance has been satisfied, the solution increments one time step.
A new surface texture is calculated as the ring has slid over a proportion of the texture pattern and the force balance is then solved again. The time is incremented until the ring has slid over five full texture diamonds, enough for a periodic value of h min to become apparent. Table 1 lists all the parameters used in the solution. The simulation is run with parameters that represent typical conditions at the mid-stroke of the engine cycle. The speed is kept constant and thus the result is at a stationary condition. The repeating pattern is, however, necessary so that a time-dependent solution can be reached. The conditions used were chosen as the model presented is currently only capable of simulating hydrodynamic lubrication; the mixed and boundary lubrication regimes at Top Dead Centre (TDC) and Bottom Dead Centre (BDC) were intentionally avoided.
RESULTS
The honing angle of the cylinder liner measured with white light interferometry ( Fig. 1 ) was 50 . Honing angles of AE25 from this existing case have been investigated, in increments of 5 . A typical pressure distribution is illustrated in Fig. 5 . The simulation shows that a steady-state solution is obtained after the ring has transversed approximately two complete texture patterns, or 20 time steps. Figure 6 shows the minimum film thickness, h min , as a function of time as the ring slides over the diamond texture. The smooth case is also plotted, which shows an unchanging film thickness after the first time step, as would be expected. From Fig. 6 , it can be seen that a fairly steady state of film thickness occurs after 20 time steps, with oscillations occurring periodically as the ring passes over each honing diamond. This pattern was observed for all the honing angles investigated. Therefore, in Fig. 7 , the average minimum film thickness is calculated for each honing angle from the 20th time step onwards, so that only the steady-state points are considered. 
DISCUSSION
The first issue to highlight is that the variation in film thickness with honing angle is minimal. A 20 nm variation was observed across the range of honing angles-0.4 per cent of the total minimum film thickness of &5 mm. A curve has been fitted to the calculated average results; however, the values for 45 and 50 deviate significantly from this. However, the results generally show that the film thickness is greater with a smaller honing angle. This is supported by the conclusions in reference [5] which also show that a smaller angle leads to a greater oil film thickness. The simulations presented here assume that the inlet to the contact is always fully flooded. This is unlikely to be the case, particularly during the midstroke as simulated here, when large film thicknesses of &5 mm are predicted. In reality, there may not be enough lubricant present on the liner to form films with this much thickness. Periodic boundary conditions have been implemented in the radial direction. This means that any lubricant escaping from either side of the contact, which may be significant in the honing grooves, flows into the contact from the opposite side. Hence, all the lubricant entering the contact will leave from the trailing edge. This assumption was made because the contact is many times wider than it is long. In the real contact, assuming axi-symmetric conditions, the only leakage that can occur from the side of the contact is at the ring gap.
CONCLUSION
It has been shown that the effect of the honing angle in the middle of the piston stroke is negligible compared to the large hydrodynamic film already developed. A simulation run closer to TDC or BDC, thereby running at conditions closer to mixed lubrication, Fig. 7 Average minimum film thickness versus honing angle Fig. 6 Minimum film thickness as a function of time steps might yield a greater effect from the honing angle parameter as the surface grooves become a bigger percentage of the total film thickness. It would be also be of value to investigate angles far away from 50 , such as 140 , which can be machined as a product of helical slide honing. Such an angle has been shown to reduce oil consumption during bench tests [4] . 
